These experiments were designed to assess the role of neurotrophins and the Ras/mitogen-activated protein kinase (MAP) signal transduction cascade in behavioral sensitization to cocaine. The first experiments evaluated the effect of three daily intra-ventral tegmental area (VTA) microinjections of neurotrophin-3 (NT-3) or brain-derived neurotrophic factor (BDNF) on the behavioral-activating effects of a subsequent challenge injection of cocaine in rats. Results indicated that, although NT-3 did not influence behavior across the three microinjection days, animals displayed a sensitized behavioral response to the subsequent cocaine challenge injection. In contrast, BDNF microinjections resulted in a progressive increase in behavioral activity but did not influence the subsequent behavioral response to cocaine. A second series of experiments assessed the effect of inhibiting the MAP kinase signal transduction cascade on the initiation of behavioral sensitization to cocaine. The MAP kinase kinase inhibitor PD98059, or its vehicle, was microinjected into the VTA before three daily cocaine injections. Although PD98059 did not influence the acute behavioral response to cocaine, it blocked sensitization. Finally, the effects of acute and repeated cocaine injections on NT-3 and BDNF mRNA levels in the VTA, substantia nigra, and hippocampus were assessed. Results indicated that an acute cocaine injection resulted in a transient increase in NT-3 mRNA levels in the VTA. Collectively, these results suggest that NT-3 contributes to the initiation of behavioral sensitization to cocaine by activating the Ras/MAP kinase signal transduction system. The present data also indicate that BDNF itself produced a progressive augmentation in behavioral activation with repeated administration.
These experiments were designed to assess the role of neurotrophins and the Ras/mitogen-activated protein kinase (MAP) signal transduction cascade in behavioral sensitization to cocaine. The first experiments evaluated the effect of three daily intra-ventral tegmental area (VTA) microinjections of neurotrophin-3 (NT-3) or brain-derived neurotrophic factor (BDNF) on the behavioral-activating effects of a subsequent challenge injection of cocaine in rats. Results indicated that, although NT-3 did not influence behavior across the three microinjection days, animals displayed a sensitized behavioral response to the subsequent cocaine challenge injection. In contrast, BDNF microinjections resulted in a progressive increase in behavioral activity but did not influence the subsequent behavioral response to cocaine. A second series of experiments assessed the effect of inhibiting the MAP kinase signal transduction cascade on the initiation of behavioral sensitization to cocaine. The MAP kinase kinase inhibitor PD98059, or its vehicle, was microinjected into the VTA before three daily cocaine injections. Although PD98059 did not influence the acute behavioral response to cocaine, it blocked sensitization. Finally, the effects of acute and repeated cocaine injections on NT-3 and BDNF mRNA levels in the VTA, substantia nigra, and hippocampus were assessed. Results indicated that an acute cocaine injection resulted in a transient increase in NT-3 mRNA levels in the VTA. Collectively, these results suggest that NT-3 contributes to the initiation of behavioral sensitization to cocaine by activating the Ras/MAP kinase signal transduction system. The present data also indicate that BDNF itself produced a progressive augmentation in behavioral activation with repeated administration.
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Research focusing on the identification of the physiological modifications underlying the sensitized behavioral response to repeated daily injections of cocaine has centered mainly on the mesolimbic dopamine system (Kalivas and Stewart, 1991; Robinson and Berridge, 1993; Pierce and Kalivas, 1997) . The neurotrophins, which play an important role in several forms of neuroplasticity (Davies, 1994; Thoenen, 1995) , are expressed by dopamine neurons in the ventral midbrain. The members of the nerve growth factor (NGF) family of neurotrophins that are active in the mammalian brain include NGF, brain-derived neurotrophic factor (BDN F), neurotrophin-3 (N T-3), and neurotrophin-4/5 (N T-4/5) (Davies, 1994; Bothwell, 1995; Lewin and Barde, 1996) . Dopamine cells of the ventral midbrain express mRNA for BDN F and N T-3 (Gall et al., 1992; Seroogy et al., 1994) ; these neurotrophins support the survival of dopaminergic neurons (Hyman et al., 1991; Knusel et al., 1991) and protect dopaminergic cells from certain neurotoxins (Hyman et al., 1991; Beck et al., 1992; Spina et al., 1992) . NGF is expressed at low levels in the ventral midbrain (Spillantini et al., 1989; Ceccatelli et al., 1991; Lauterborn et al., 1991 Lauterborn et al., , 1995 and has no discernible influence on dopamine cells (Hyman et al., 1991; Knusel et al., 1991; Spina et al., 1992) , whereas NT-4/5 expression in the CNS is very low (Timmusk et al., 1993) . Collectively, these data indicate that dopaminergic neurons in the ventral midbrain synthesize BDNF and NT-3 but not NGF or NT-4/5.
Midbrain dopaminergic neurons also express tyrosine kinase B (TrkB) and TrkC receptors, which, when activated by BDNF or NT-3, respectively, stimulate signal transduction cascades, including the Ras/mitogen-activated protein (MAP) kinase system (Seger and Krebs, 1995; Lewin and Barde, 1996; Numan and Seroogy, 1999) . The phosphorylated Trk receptor serves as a scaffolding for effector molecules that contain the Src homology 2 domain, such as Shc, which becomes a substrate through which Grb2 and the Ras guanine triphosphate exchange factor, Sos, associate with the Trk receptor. The Trk-Shc-Grb2-Sos complex activates the G-protein Ras, which stimulates the MAP kinase signal transduction cascade (Seger and Krebs, 1995; Lewin and Barde, 1996) . Ras activates a MAP 3kinase (Raf kinase), which phosphorylates and activates a MAP kinase kinase [MAP kinase/ERK kinase (MEK)], which in turn phosphorylates the MAP kinases [extracellular signal-regulated kinases (ERKs)] (Seger and Krebs, 1995; Lewin and Barde, 1996) . When activated by MEK, the ERKs become proline-directed, phosphorylating serine or threonine residues that neighbor prolines. Thus, there are many substrates for the ERK s in both the cytoplasm and nucleus, including tyrosine hydroxylase, the rate-limiting enzyme in catecholamine synthesis (Haycock et al., 1992; Seger and Krebs, 1995) .
Cocaine sensitization is associated with changes in the MAP kinase signal transduction cascade (Berhow et al., 1995 (Berhow et al., , 1996 . After 10 twice daily injections of cocaine, but not after acute administration, there is a significant increase in ERK activity in the ventral tegmental area (V TA) (Berhow et al., 1996) . Subsequent experiments revealed that repeated cocaine injections had no influence on ERK immunoreactivity in the V TA, suggesting that there is a higher phosphorylation state of this enzyme after repeated cocaine (Berhow et al., 1996) . The current experiments, designed to f urther assess the role of neurotrophins and the Ras/M AP kinase signal transduction cascade in behavioral sensitization to cocaine, were conducted as follows: (1) the effects of repeated intra-V TA microinjections of BDN F or N T-3 on the behavioral response to a subsequent challenge injection of cocaine were assessed; (2) the influence of an M EK inhibitor, PD98059, on the initiation of behavioral sensitization to cocaine was evaluated; and (3) the effects of acute and repeated cocaine injections on neurotrophin mRNA levels in the mesolimbic dopamine system were determined.
MATERIALS AND METHODS
Animal housing. Male Sprague Dawley rats weighing 250 -300 gm were obtained from Taconic Farms (Germantown, N Y). Animals were individually housed with food and water available ad libitum. A 12 hr light /dark cycle was used with the lights on at 6:00 A.M. All experimental procedures were performed during the light cycle.
E xperimental design for the behavioral e xperiments. The protocols for the behavior experiments, which are summarized in Table 1 , are based on previous results indicating that repeated daily microinjections of amphetamine (Perugini and Vezina, 1994; Bjijou et al., 1996; Vezina, 1996) or SK F-38393 into the V TA /substantia nigra result in a sensitized behavioral response to a subsequent systemic injection of a psychostimulant. In some of the present behavioral experiments, a 14 d withdrawal period was imposed between the repeated microinjections and the cocaine challenge injection. The use of a withdrawal period is based on previous research in which the insertion of 14 or more days of withdrawal between the repeated drug treatment and a subsequent psychostimulant challenge injection resulted in a more robust sensitization of the behavioral response (Kolta et al., 1985; Kalivas and Duff y, 1993a; Paulson and Robinson, 1995) .
Effect of intra-V TA/substantia nigra BDNF or NT-3 on the subsequent behavioral response to cocaine. Before surgery, the rats were anesthetized with pentobarbital (50 mg / kg) and mounted in a stereotaxic apparatus. C annulas (12 mm, 26 gauge) were implanted bilaterally 1 mm dorsal to the V TA or substantia nigra and cemented in place by affixing dental acrylic to three stainless steel screws tapped into the skull. After surgery, all animals were allowed to recover for 3-5 d. The coordinates for the V TA and substantia nigra [relative to bregma according to the atlas of Paxinos and Watson (1997) ] were as follows: Ϫ5.0 anteroposterior (AP), Ϯ0.5 mediolateral (ML), Ϫ7.0 dorsoventral (DV) (V TA); Ϫ5.0 AP, Ϯ2.0 ML, Ϫ7.0 DV (substantia nigra).
After recovery from surgery, all animals initially were habituated to the behavioral testing arena for 3 hr. Before each microinjection, the rats were rehabituated to the photocell apparatus (AccuScan Instruments, Columbus, OH) for 1 hr. The obturators then were removed from the microinjection guide cannulas and replaced by injection needles (33 gauge stainless steel), which extended 1 mm below the end of the guide cannulas into the V TA. Bilateral inf usions of BDN F or N T-3 (0.025 or 0.25 g) or sterile 0.9% saline were made over 60 sec in a volume of 0.5 l /side. The guide cannulas were left in place for 30 sec (to allow the compound to diff use away from the tips of the cannulas) and then removed. After the microinjection, each rat was returned to its testing chamber immediately, and behavior was monitored for 2 hr. These neurotrophin or saline microinjections were made once daily for 3 consecutive days. One day or 2 weeks after the last of the three microinjections, the animals were rehabituated to the behavioral chambers for 1 hr, followed by an intraperitoneal injection of 15 mg / kg cocaine. Behavioral activity was monitored for 2 hr after the cocaine injection.
An additional experiment assessed the effect of three microinjections of N T-3 (0.25 g /0.5 l per side) into the substantia nigra on the behavioral response to cocaine after 14 d of withdrawal. The procedures were identical to those described above, except the saline and N T-3 microinjections were made into the substantia nigra.
Effect of intra-V TA PD98059 on the initiation of behavioral sensitization to cocaine. The surgical procedures were the same as those described above. All animals initially were habituated to the behavioral testing arena for 3 hr. Before each daily microinjection, the rats were rehabituated to the photocell apparatus for 1 hr. The obturators then were removed from the microinjection guide cannulas and replaced by injection needles (33 gauge stainless steel), which extended 1 mm below the end of the guide cannulas into the V TA. Bilateral inf usions of PD98059 (1 or 10 M) or vehicle (saline or 100% DMSO) were made over 60 sec in a volume of 0.5 l /side. The guide cannulas were left in place for 30 sec (to allow the compound to diff use away from the tips of the cannulas) Every daily procedure was preceded by a 60 min exposure to the behavioral apparatus and was followed by a 120 min period in which behavioral activity was monitored. In all experiments, on day 1, the obturators were replaced by microinfusion cannulas, but no injection was made (in the PD98059 experiments an intraperitoneal saline injection also was administered). For the neurotrophin-cocaine cross-sensitization experiments, on days 2-4, the microinjection cannulas were lowered into the VTA or substantia nigra, and one of the following substances was infused (0.5 l over 1 min): h-BDNF (0.025 or 0.25 g/0.5 l per side), h-NT-3 (0.025 or 0.25 g/0.5 l per side), or saline. One or 14 d after the last of the three daily microinjections (i.e., on days 5 or 18), the rats were injected with 15 mg/kg cocaine (i.p.). The early withdrawal experiments consisted of vehicle, 0.25 g of NT-3, and 0.25 g of BDNF. In the late withdrawal experiments, vehicle, 0.025 and 0.25 g of NT-3, and BDNF were tested. For the PD98059 experiments, on days 2-4, the microinjection cannulas were lowered into the VTA, and either vehicle or PD98059 (1 or 10 M) was infused (0.5 l over 1 min); 20 min after the microinjection, all rats were injected with 15 mg/kg cocaine. Fourteen days after the last of the three daily microinjections (i.e., on day 18), all rats were injected with 15 mg / kg cocaine (i.p.).
and then removed. After the microinjection, the rats were returned to the testing chambers. T wenty minutes after the microinjection, all animals received an intraperitoneal injection of 15 mg / kg cocaine. Behavior was monitored for 2 hr after the cocaine injection. The combination of intra-V TA microinjections and intraperitoneal cocaine injections were made once daily for 3 consecutive days. T wo weeks after the last of the three daily treatments, the animals were rehabituated to the behavioral chambers for 1 hr, followed by an intraperitoneal injection of 15 mg / kg cocaine; behavioral activity then was monitored for 2 hr. The AccuScan activity monitors generate several measures of motor activity. For the purposes of this study, we present measures of locomotion and stereotyped behaviors. Using the AccuScan system, the most accurate measure of locomotion is distance travelled, which is expressed in centimeters. Rodents administered psychostimulants also display a number of repetitive behaviors, including head bobbing and grooming. These behaviors are quantified as stereotypy counts, which the AccuScan system defines as the animal breaking the same photocell beam or set of beams repeatedly. Previous experiments were performed to ensure a strong positive correlation between the cocaine-induced locomotion and stereotypy ratings made by experienced human observers and those obtained with the photocell-based AccuScan activity monitors .
After the completion of the microinjection experiments, the rats were overdosed with pentobarbital (Ͼ100 mg / kg, i.p.) and perf used intracardially with 0.9% saline, followed by 10% formalin. The brain was removed, and coronal sections (100 m) were taken at the level of the V TA /substantia nigra with a Vibratome (Technical Products International, St. L ouis, MO). The sections were mounted on gelatin-coated slides and stained with cresyl violet. Probe and cannula placements were determined by an individual unaware of the rats' behavioral response.
Effect of acute and repeated cocaine on BDNF and NT-3 mR NA levels in the V TA, substantia nigra, and hippocampus. Animals in the acute groups were injected with 30 mg / kg (i.p.) cocaine or saline and then killed by rapid decapitation 2, 4, 6, or 24 hr after the injection. In the repeated treatment groups, rats were injected intraperitoneally with cocaine (30 mg / kg) or saline once daily for 7 consecutive days in the home cage; on the eighth day, the animals were injected with either 30 mg / kg cocaine or saline and then killed by rapid decapitation 4 hr after injection. In all cases, the brain was removed and placed on dry ice, and the V TA, substantia nigra, and hippocampus were excised and stored at Ϫ80°C. Total tissue RNA was extracted with phenol and chloroform and precipitated with ethanol (C athala et al., 1983) . First-strand cDNA was synthesized with the use of 200 ng of hexanucleotide random primer (Boehringer Mannheim, Indianapolis, I N) and 200 U of Superscript II reverse transcriptase (Life Technologies, Gaithersburg, MD) according to the manufacturer's protocol.
For PCR, each tube contained 5 l of 10ϫ PCR buffer (Fisher Scientific, Pittsburgh, PA), 2.5 U of AmpliTaq DNA polymerase (Fisher Scientific), 1 M of each primer, 1 M of each control primer (cyclophilin), 0.2 mM dN TPs, 2.5 mM MgC l 2 , and 1 l of the first-strand cDNA in a final volume of 50 l. All primers were custom synthesized by Life Technologies based on unique sequences obtained from GenBank and verified by the National C enter for Biotechnical Information BL AST program. The primers were as follows: BDN F sense, C TT GGA CAG AGC CAG CGG ATT TGT (bases 4 -27; GenBank accession number M61175); BDN F antisense, GTC C TC ATC CAG CAG C TC TTC GAT (bases 277-300; accession number M61175); N T-3 sense, GGA TGC CAT GGT TAC TTC TGC CAC (bases 27-50; accession number M34643); N T-3 antisense, GGG CAG GGT GC T C TG GTA ATT TTC (bases 241-264; accession number M34643); cyclophilin sense, GTC TGC TTC GAG C TG TTT GCA GAC (bases 99 -122; accession number M19533); and cyclophilin antisense, CCA CAG TCG GAG ATG GTG ATC TTC (bases 503-526; accession number M19533).
Hot-start PCR was used with MgC l 2 added after an initial denaturation step of 95°C for 4 min. The PCR conditions were: 94°C for 1.5 min, 63°C for 1 min, and 72°C for 1 min. All samples underwent a final extension time of 10 min at 72°C. Reverse transcription (RT) product from the V TA or substantia nigra underwent 33 cycles; cyclophilin was added after the eighth cycle. RT product from the hippocampus underwent 28 cycles; cyclophilin was added after the fifth cycle. Aliquots of the PCR product (19 l) were separated with electrophoresis on a 2% agarose gel containing ethidium bromide (0.5 g /ml). The bands were visualized with UV light, and the band intensities were measured using computerized densitometry.
Preliminary experiments confirmed that the quantity of RT product, the MgC l 2 concentration, and the number of cycles chosen were in the linear range. Because tissue RNA samples may contain DNA contamination that could result in non-RNA-derived reaction products, preliminary PCR experiments were conducted without the RT step. No amplified fragments were observed in these experiments.
As reviewed above, dopamine cells of the ventral midbrain express mRNA for BDN F and N T-3 (Gall et al., 1992; Seroogy et al., 1994) but not NGF (C eccatelli et al., 1991; Lauterborn et al., 1991) . The main targets of the mesencephalic dopamine neurons (i.e., the nucleus accumbens and neostriatum) do not express appreciable levels of the mRNA for BDN F or N T-3 (Ernfors et al., 1990; Lauterborn et al., 1991; Conner et al., 1997) , whereas the hippocampus, which also receives dopaminergic afferents, expresses high levels of BDN F and N T-3 mRNA (Ernfors et al., 1990; C eccatelli et al., 1991; Conner et al., 1997) . Based on these findings, our RT-PCR experiments focused on the V TA, substantia nigra, and hippocampus.
Drugs. h-BDN F and h-N T-3, synthesized from recombinant Escherichia coli, were obtained from Alomone Labs (Jerusalem, Israel). PD98059, a synthetic inhibitor of M EK that has no significant effect on M AP kinase itself (Dudley et al., 1995) , was obtained from C albiochem (La Jolla, CA). Cocaine was a gift from the National Institute on Drug Abuse (Rockville, MD). h-BDN F, h-N T-3, and cocaine were dissolved in sterile 0.9% NaC l. PD98059 is soluble in DMSO.
RESULTS

Repeated microinjections of NT-3 into the VTA produce a sensitized behavioral response to a challenge injection of cocaine after 14 d of withdrawal
The data summarized in Figure 1 A indicate that the distance travelled after cocaine was significantly greater in the group that received three repeated microinjections of 0.25 g NT-3 than the saline control group. The data collected on each treatment day were analyzed with separate one-way ANOVAs. The analysis of the distance travelled data depicted in Figure 1 A revealed a marginally significant main effect of drug treatment on day 18 (F (2,16) ϭ 2.49; p Ͻ 0.11). However, pairwise comparisons (Fisher's LSD) revealed a significant difference between the saline and 0.25 g NT-3 groups on day 18. The time course data presented in Figure 1 B were analyzed with a mixed factors ANOVA (repeated measure over time). This analysis revealed significant main effects of drug treatment (F (1,99) ϭ 20.69; p Ͻ 0.0014), time (F (11,99) ϭ 19.96; p Ͻ 0.0001), and a significant drug ϫ time interaction (F (11,99) ϭ 2.77; p Ͻ 0.0036). Pairwise comparisons (Fisher's LSD) revealed a significant difference between the NT-3 and saline groups at the 30 and 40 min time points.
The stereotypy data (Fig. 1C,D) were analyzed using the same statistics as the distance travelled data summarized above. The analysis of the data shown in Figure 1C revealed no significant drug treatment effects on any of the treatment days. Analysis of the time course data from day 18 (Fig. 1 D) revealed significant main effects of drug treatment (F (1,99) ϭ 7.19; p Ͻ 0.025) and time (F (11,99) ϭ 15.64; p Ͻ 0.0001). Pairwise comparisons (Fisher's LSD) demonstrated a significant difference between the NT-3 and saline groups at the 30 and 40 min time points.
The effect of 0.25 g/0.5 l NT-3 microinjections into the substantia nigra on the behavioral response to cocaine after 14 d of withdrawal also was evaluated. The results indicate that there was no difference in the behavioral response to cocaine between the rats previously microinjected with NT-3 or saline in the substantia nigra (data not shown). Analysis of the time course data from day 18 revealed only a significant main effect of time (F (11,33) ϭ 33.0; p Ͻ 0.0001).
Repeated microinjections of BDNF into the VTA result in sensitization to the behavioral effects of BDNF but have no influence on the behavioral response to a challenge injection of cocaine after 14 d of withdrawal
The data summarized in Figure 2A indicate that the distance travelled after BDN F was significantly increased after two to three repeated microinjections of 0.25 g of BDN F into the VTA. These data were analyzed with separate one-way ANOVAs on each treatment day. These analyses showed significant main effects of drug treatment on day 3 (F (2,14) ϭ 3.94; p Ͻ 0.044) and day 4 (F (2,14) ϭ 5.38; p Ͻ 0.019). Pairwise comparisons (Fisher's L SD) revealed significant differences between the saline and 0.25 g of BDN F groups on days 3 and 4. The time course of day 4 data (Fig. 2B ) was analyzed with a mixed factors ANOVA (repeated measure over time). This analysis revealed significant main effects of drug (F (1,110) ϭ 4.82; p Ͻ 0.05) and time (F (11,110) ϭ 5.48; p Ͻ 0.0001). Pairwise comparisons (Fisher's LSD) revealed a significant difference between the BDNF and saline groups at the 110 min time point.
The stereotypy data (Fig. 2C,D) were analyzed using the same statistics as the distance travelled data summarized above. The analysis of the data shown in Figure 2C revealed marginally significant treatment effects on day 3 (F (2,14) ϭ 2.79; p Ͻ 0.095) and day 4 (F (2,14) ϭ 2.77; p Ͻ 0.097). Analysis of the time course data from day 4 showed a significant main effect of time (F (11,110) ϭ 5.27; p Ͻ 0.0001). Pairwise comparisons (Fisher's LSD) revealed a significant difference between the BDNF and saline groups at the 110 min time point (Fig. 2 D) .
Repeated microinjections of NT-3 or BDNF into the VTA have no influence on a challenge injection of cocaine after 1 d of withdrawal
The data summarized in Figure 3 indicate that three daily intra-VTA microinjections of 0.25 g of N T-3 or BDN F had no influence on the distance travelled or stereotypy counts induced by 15 mg/kg cocaine after 1 d of withdrawal. The distance travelled induced by cocaine in the NT-3, BDNF, and saline groups is depicted in Figure 3A . These data were analyzed with a mixed factors ANOVA (repeated measures over time); the analysis revealed a significant main effect of time (F (11,143) ϭ 8.87; p Ͻ 0.0001) with no other significant main effects or interactions. The stereotyped behavior induced by cocaine after repeated microinjections of NT-3, BDNF, or saline is depicted in Figure 3B . These data were analyzed with a mixed factors ANOVA (repeated measures over time); the analysis revealed a significant main effect of time (F (11,143) ϭ 6.61; p Ͻ 0.0001) with no other significant main effects or interactions.
Intra-VTA PD98059 blocks the initiation of behavioral sensitization to cocaine
The data depicted in Figure 4 indicate that intra-VTA administration of PD98059 impairs the development of sensitization to cocaine. The distance travelled data from Figure 4 A were analyzed with a mixed factors ANOVA (repeated measures over day). The results of this analysis revealed a significant main effect of day (F (3,48) ϭ 4.16; p Ͻ 0.011). Pairwise comparisons (Fisher's LSD) showed that the distance travelled on day 18 in the vehicle group was significantly greater than the behavioral response in this group on day 2. The time course of the vehicle and 10 M PD98059 data from day 18 (Fig. 4 B) were analyzed with a mixed factors ANOVA (repeated measures over day). This analysis showed significant main effects of drug (F (1,132) ϭ 4.55; p Ͻ 0.05) and time (F (11,132) ϭ 17.36; p Ͻ 0.0001), as well as a significant drug ϫ time interaction (F (11,132) ϭ 2.74; p Ͻ 0.032). Pairwise comparisons (Fisher's LSD) indicated a significant difference between the vehicle and 10 M PD98059 groups at the 10 min time point.
The stereotypy data (Fig. 4C,D) were analyzed using the same statistics as the distance travelled data summarized above. The Figure 1 . Repeated microinjections of NT-3 into the VTA produce a sensitized behavioral response to a subsequent challenge injection of cocaine after 14 d of withdrawal. On days 2-4, the animals were microinjected with sterile saline or NT-3 (0.025 or 0.25 g/0.5 l per side). After a 2 week withdrawal period (i.e., on day 18), all animals were injected with cocaine (15 mg/kg, i.p.). A, The total distance travelled (in centimeters) recorded over the 120 min period after the intra-VTA microinjection or the systemic injection of cocaine. Note that the behavioral effect of cocaine on day 18 was significantly greater in the 0.25 g NT-3 group than the saline group. B, Time course of the distance travelled after cocaine in the 0.25 g NT-3 and saline groups from day 18 in A. The data are presented as the 120 min behavioral response (distance travelled) divided into 10 min blocks. Note that the behavioral effect of cocaine on day 18 in the 0.25 g NT-3 group was significantly greater than the saline group 30 and 40 min after injection. C, The stereotypy counts recorded over the 120 min period after the intra-VTA microinjection or the systemic injection of cocaine. Note that the behavioral effect of cocaine on day 18 was substantially greater in the 0.25 g NT-3 group relative to the saline group. D, Time course of the stereotypy counts after cocaine in the 0.25 g NT-3 and saline groups from day 18 in C. The data are presented as the 120 min behavioral response (stereotypy counts) divided into 10 min blocks. Note that the behavioral effect of cocaine on day 18 in the 0.25 g NT-3 group was significantly greater than the saline group 30 and 40 min after injection. There were five to eight animals per group. In A, *p Ͻ 0.05, significant difference from the saline group on day 18; Fisher's LSD. In B, D, *p Ͻ 0.05, significant difference from saline at that time point; Fisher's LSD.
analysis of the data from Figure 3C revealed a significant main effect of day (F (3,48) ϭ 4.78; p Ͻ 0.005). Pairwise comparisons indicated that the stereotypy counts on day 18 in the vehicle group were significantly greater than the behavioral response in this group on day 2. The analysis of the time course data from Figure 3D showed significant main effects of drug (F (1,132) ϭ 5.81; p Ͻ 0.033) and time (F (11,132) ϭ 12.79; p Ͻ 0.0001), as well as a significant drug ϫ time interaction (F (11,132) ϭ 1.99; p Ͻ 0.034). Subsequent pairwise comparisons (Fisher's L SD) indicated a significant difference between the vehicle and 10 M PD98059 groups at the 10 min time point. The vehicle control group consisted of animals that were microinjected with either sterile saline (n ϭ 5) or 100% DMSO (n ϭ 2). Preliminary experiments indicated that there was no difference between the cocaineinduced behavioral hyperactivity measured after the intra-VTA microinjection of saline or DMSO.
The location of the microinjection cannulas from the experiments depicted in Figures 1-4 , as well as the N T-3 substantia nigra experiment, are depicted in Figure 5 . Some of the VTA cannulas were located on the border between the V TA and the medial substantia nigra, the ventral medial lemniscus, and the ventral red nucleus. Of the 100 animals used in these experiments, 24 were excluded from the data analyses because of faulty probe placements.
Effect of acute or repeated cocaine on BDNF and NT-3 mRNA levels in the VTA
The data depicted in Figure 6 show that an acute cocaine injection resulted in a significant increase in the mRNA levels for NT-3, but not BDN F, in the V TA. Repeated treatment with cocaine, in contrast, did not influence the basal or cocainestimulated increase in N T-3 mRNA levels in the V TA. In other words, tolerance to the acute cocaine-induced increase in NT-3 mRNA levels was observed after repeated cocaine injections. Neither acute nor repeated cocaine administration influenced BDNF mRNA levels in the VTA. The data from Figure 6 were analyzed with separate one-way ANOVAs. Analysis of the BDNF mRNA data summarized in Figure 6 A showed no significant main effect of treatment (F (6,64) ϭ 0.34; p Ͻ 0.9131). The analysis of the NT-3 mRNA data shown in Figure 6 B revealed a significant main effect of treatment (F (6,64) ϭ 4.18; p Ͻ 0.0013). Pairwise comparisons (Fisher's LSD) indicated a significant difference between the cocaine 4 hr group and saline. The saline group was comprised of animals that were killed 2, 4, 6, or 24 hr after an acute injection of saline, as well as animals that were injected on 8 consecutive days with saline and were killed 4 hr after the last injection.
Effect of acute or repeated cocaine on the mRNA for BDNF or NT-3 in the substantia nigra
The data depicted in Figure 7 indicate that neither acute nor repeated cocaine injections altered BDNF mRNA levels in the substantia nigra. Acute injection of cocaine also had no effect on NT-3 mRNA levels in this structure. Repeated injections of cocaine resulted in a relatively minor decrease in nigral NT-3 mRNA levels. These data were analyzed with separate one-way ANOVAs. The analysis of the BDNF data from Figure 7A revealed no significant main effect of treatment (F (6,62) ϭ 1.41; p Ͻ 0.224). The results of the ANOVA performed on the NT-3 mRNA data depicted in Figure 7B revealed a marginally significant main effect of treatment (F (6,66) ϭ 2.32; p Ͻ 0.043). Pairwise comparisons (Fisher's LSD) demonstrated a significant difference between the repeated cocaine with a cocaine challenge injection group and the saline group.
Effect of acute cocaine on the mRNA for BDNF and NT-3 in the hippocampus
The data summarized in Figure 8 demonstrate that an acute injection of cocaine did not influence the mRNA for either BDNF or NT-3 in the hippocampus. These data were analyzed Figure 2 . Repeated microinjections of BDNF into the VTA result in sensitization to the behavioral effects of BDNF but have no influence on the behavioral response to cocaine after 14 d of withdrawal. On days 2-4, the animals were microinjected with sterile saline or BDNF (0.025 or 0.25 g/0.5 l per side). After a 2 week withdrawal period (i.e., on day 18), all animals were injected with cocaine (15 mg/kg, i.p.). A, The total distance travelled (in centimeters) recorded over the 120 min period after the intra-VTA microinjection or the systemic injection of cocaine. Note that the behavioral effect of 0.25 g of BDNF was significantly greater than the saline group on days 3 and 4. B, Time course of the distance travelled in the 0.25 g of BDNF and saline groups from day 4 in A. The data are presented as the 120 min behavioral response (distance travelled) divided into 10 min blocks. Note that the behavioral effect of 0.25 g of BDNF on day 4 was significantly greater than the saline group 110 min after the microinjection. C, The stereotypy counts recorded over the 120 min period after the intra-VTA microinjection or the systemic injection of cocaine. Note that the behavioral effect of 0.25 g of BDNF on days 3 and 4 was substantially greater than the corresponding saline group. D, Time course of the stereotypy counts in the 0.25 g of BDNF and saline groups from day 4 in C. The data are presented as the 120 min behavioral response (stereotypy counts) divided into 10 min blocks. Note that the behavioral effect of 0.25 g of BDNF on day 4 was significantly greater than the saline group 110 min after the microinjection. There were five to six animals per group. In A, *p Ͻ 0.05, significant difference from the saline group on days 3 and 4; Fisher's LSD. In B, D, *p Ͻ 0.05, significant difference from saline at that time point; Fisher's LSD.
with separate one-way ANOVAs. The analysis of the BDNF mRNA data from Figure 8 A showed no significant main effect of treatment (F (4,31) ϭ 0.964; p Ͻ 0.441). Likewise, there was no significant effect of treatment for the N T-3 data depicted in Figure 8 B (F (4,30) ϭ 0.085; p Ͻ 0.9865).
DISCUSSION
Our results indicate that repeated microinjections of NT-3 into the V TA sensitize the mesolimbic dopamine system to a subsequent challenge injection of cocaine. An acute injection of cocaine also resulted in a substantial increase in N T-3 mRNA levels in the V TA, which suggests that cocaine increases N T-3 synthesis. Microinjections of the M EK inhibitor PD98059 into the VTA before daily injections of cocaine blocked the initiation of behavioral sensitization. Collectively, these results provide strong evidence that N T-3 and the Ras/ M AP kinase signal transduction system play important roles in behavioral sensitization to cocaine. The present data also showed that, whereas repeated intra-VTA BDNF microinjections had no influence on the subsequent behavioral effects of cocaine, BDN F itself produced a progressive augmentation in behavioral activation with repeated administration.
NT-3 and behavioral sensitization to cocaine
The NT-3 behavioral results suggest that repeated intra-VTA NT-3 mimics the initiation of cocaine behavioral sensitization. Cross-sensitization between NT-3 and cocaine was observed only when a withdrawal period was imposed between the repeated microinjections and a challenge injection of cocaine. This result is similar to previous findings indicating that cocaine-induced behavioral sensitization is more robust when a withdrawal period is used (Kolta et al., 1985; Kalivas and Duffy, 1993a; Paulson and Robinson, 1995) . With intracranial drug administration, diffusion of the compound into areas adjacent to the microinjection is a concern. It seems unlikely that an effect of NT-3 in the substantia nigra contributed to the sensitizing effects of intra-VTA NT-3, however, because repeated microinjections of this neurotrophin directly into the substantia nigra had no influence on the subsequent behavioral effects of cocaine.
The present data also indicate that an acute injection of cocaine results in a transient increase in NT-3 synthesis (as reflected by an increase in NT-3 mRNA levels) selectively in the VTA. After eight daily injections of cocaine, tolerance developed to the ability of this drug to increase the mRNA levels for NT-3 in the VTA. It is improbable, therefore, that this increase in NT-3 synthesis is in itself responsible for the expression of behavioral sensitization to cocaine. It is possible, however, that an increase in NT-3 mRNA levels could contribute to the initiation of behavioral sensitization. There are several neurophysiological changes associated with the initiation, although not the expression, of behavioral sensitization. For example, repeated cocaine injections result in a decrease in the inhibitory effects of apomorphine on dopamine neurons in the VTA, an effect that dissipates 1 week after the termination of repeated drug administration (Lee et al., 1988; Henry et al., 1989; Ackerman and White, 1990) . The sensitized increase in extracellular dopamine in the VTA of cocainesensitized rats also is observed only during the first few days of withdrawal (Kalivas and Duffy, 1993b) . Together, these results indicate that daily psychostimulant injections produce transient alterations in dopamine autoreceptor sensitivity and somatodendritic dopamine release. Results such as these form the basis of a distinction between the neurophysiological mechanisms underlying the transient initiation and long-term expression of behavioral sensitization (Kalivas and Stewart, 1991; Pierce and Kalivas, 1997) . It is thought that the neurophysiological processes that contribute to the initiation of behavioral sensitization are necessary to trigger other permanent changes in the mesotelencephalic dopamine system that are directly involved in the long-term maintenance of behavioral sensitization White et al., 1995) . The cocaine-induced increase in NT-3 synthesis in the VTA appears to be another example of a physiological phenomenon that contributes to the initiation rather than the expression of cocaine sensitization.
The main limitation of RT-PCR experiments and of all studies using brain homogenates is the inability to identify the population of cells or terminals in which a change in mRNA levels is expressed. Thus, it is impossible to determine whether the cocaineinduced changes in NT-3 mRNA levels observed in the present experiments occurred exclusively in the dopaminergic cells of the VTA. This limitation will be addressed in future experiments in which in situ hybridization for neurotrophin mRNA coupled with immunohistochemistry for tyrosine hydroxylase will be used. If these experiments confirm that there is a cocaine-induced increase in NT-3 synthesis in dopamine neurons, additional exper- On days 2-4, the animals were microinjected with sterile saline, NT-3, or BDNF (0.25 g/0.5 l per side). After a 1 d withdrawal period (i.e., on day 5), all animals were injected with cocaine (15 mg / kg, i.p.). A, The time course of the distance travelled (in centimeters) recorded over the 120 min period after the systemic injection of cocaine on day 5. Note that there was no significant difference among the N T-3, BDNF, and saline groups at any time point. B, The time course of the stereotypy counts recorded over the 120 min period after the systemic injection of cocaine on day 5. Note that there was no significant difference among the NT-3, BDNF, and saline groups at any time point. There were five to six animals per group.
iments will be performed to determine the extent to which these changes in mRNA levels are translated into protein that may be secreted into the V TA and /or nucleus accumbens.
Psychostimulant-induced increases in N T-3 synthesis and release could result in structural changes in nuclei associated with the mesolimbic dopamine system. Repeated injections of amphetamine induce relatively long-lasting increases in the density of dendritic spines on the output cells of the nucleus accumbens (Robinson and Kolb, 1997) . These structural modifications are similar to anatomical changes observed in the C NS after neurotrophin administration (McAllister et al., 1996; Shimada et al., 1998) . Together, these findings suggest that psychostimulantinduced increases in neurotrophin synthesis and release could induce persistent structural modifications in the V TA and/or nucleus accumbens that may contribute to the expression of behavioral sensitization.
Cocaine sensitization and the Ras/MAP kinase signal transduction cascade
Activation of neurotrophin receptors and the Ras/ M AP kinase signal transduction cascade are known to play important roles in neuroplasticity (Orban et al., 1999; Schuman, 1999) . The MAP kinases also may contribute to the modifications in the mesolimbic dopamine transmission observed after repeated psychostimulant injections. Consistent with this hypothesis, the present results indicate that intra-V TA administration of an M EK inhibitor blocks the development of behavioral sensitization to cocaine. This result is consistent with recent evidence indicating that repeated cocaine induces an increase in ERK activity in the VTA (Berhow et al., 1996) . An enduring increase in the activity of the MAP kinases in the mesolimbic dopamine system would enhance the activity of tyrosine hydroxylase, the rate-limiting enzyme in catecholamine synthesis (Haycock et al., 1992; Seger and Krebs, 1995) . Interestingly, increases in tyrosine hydroxylase activity and Figure 4 . Intra-VTA microinjection of the MEK inhibitor PD98059 blocks the initiation of behavioral sensitization to cocaine. On days 2-4, the animals were microinjected with vehicle (sterile saline or DMSO) or PD98059 (1 or 10 M/0.5 l per side) into the VTA 20 min before a systemic injection of cocaine (15 mg/kg, i.p.). After a 2 week withdrawal period (i.e., on day 18), all animals were injected with cocaine (15 mg/kg, i.p.) in the absence of a microinjection. A, The total distance travelled (in centimeters) recorded over the 120 min period after the systemic injection of cocaine. Note that the behavioral effect of cocaine was significantly greater in the vehicle group on day 18 relative to day 2, whereas there was no significant difference between the behavioral responses to cocaine on days 2 and 18 in the PD98059 groups. In other words, behavioral sensitization to cocaine was observed in the vehicle group but not in the PD98059 groups. Neither dose of PD98059, however, influenced the acute behavioral response to cocaine. B, Time course of the distance travelled after cocaine in the 10 M PD98059 and vehicle groups from day 18 in A. The data are presented as the 120 min behavioral response (distance travelled) divided into 10 min blocks. Note that the behavioral effect of cocaine on day 18 in the vehicle group was significantly greater than the 10 M PD98059 group 10 min after injection. C, The stereotypy counts recorded over the 120 min period after the systemic injection of cocaine. Note that the behavioral effect of cocaine was significantly greater in the vehicle group on day 18 relative to the vehicle group on day 1. D, Time course of the stereotypy counts after cocaine in the vehicle and 10 M PD98059 groups from day 18 in C. The data are presented as the 120 min behavioral response (stereotypy counts) divided into 10 min blocks. Note that the behavioral effect of cocaine on day 18 in the vehicle group was significantly greater than the 10 M PD98059 group 10 min after injection. There were five to seven animals per group. In A, C, *p Ͻ 0.05, significant difference from day 2 within the same group; Fisher's LSD. In B, D, *p Ͻ 0.05, significant difference from 10 M PD98059 at that time point; Fisher's LSD. Figures 1-4 . The circles represent the microinjections targeted at the V TA. Note that some of the cannula tips were located on the border between the V TA and the medial substantia nigra, the ventral medial lemniscus, and the ventral red nucleus. The squares depict the location of the cannula tips in the lateral substantia nigra. The schematic brain sections are from the atlas of Paxinos and Watson (1997) . The numbers indicate millimeters from bregma. mRNA levels in the V TA have been observed to persist for at least 15 d after the cessation of repeated cocaine (BeitnerJohnson and Nestler, 1991; Vrana et al., 1993; Masserano et al., 1996 ; but see Sorg et al., 1993) or methamphetamine (Zhang and Angulo, 1996) injections. This enduring increase in dopamine synthesis may, in turn, contribute to the sensitized increase in accumbal dopamine release that is associated with the expression of behavioral sensitization to cocaine (Kolta et al., 1985; Robinson et al., 1988; Akimoto et al., 1989; Parsons and Justice, 1993; Wolf et al., 1993; .
In the current experiments N T-3, but not BDNF, crosssensitized with cocaine. This result may reflect a greater influence of NT-3 on the Ras/MAP kinase signal transduction cascade. This conclusion is supported by recent results indicating that NT-3 receptors primarily activate the MAP kinase system, whereas some effects of BDNF require the activation of both the MAP and phosphatidylinositol-3 kinases (Takei et al., 1999) . Moreover, in adult rat dopamine neurons, BDNF prevents axotomy-induced cell death to a much greater extent than NT-3, although NT-3 has a greater influence on tyrosine hydroxylase activity (Hagg, 1998) , which is stimulated by the MAP kinases (Haycock et al., 1992; Seger and Krebs, 1995) . The Ras/MAP kinase signal transduction cascade may be stimulated by means other than the activation of Trk receptors. Notably, NMDA-mediated calcium currents, by activating calcium/calmodulin-dependent (CaM) kinases, stimulate the MAP kinases (Farnsworth et al., 1995; Xia et al., 1996; Vincent et al., 1998; Egea et al., 1999 ). This finding is particularly relevant Figure 6 . Effect of acute or repeated cocaine or saline injections on BDNF and NT-3 mRNA levels in the V TA. mRNA levels were assessed 2, 4, 6, or 24 hr after an acute injection of saline or 30 mg / kg cocaine. In addition, BDNF and NT-3 mRNA levels were assessed after seven daily injections of 30 mg/kg cocaine. On the eighth day, half of the animals were injected with saline, and the other half were injected with 30 mg / kg cocaine. Thus, Coc-Sal denotes seven daily injections of cocaine (30 mg/kg), followed by a challenge injection of saline, and Coc-Coc signifies seven daily injections of cocaine (30 mg / kg), followed by a challenge injection of this same dose of cocaine. The animals in the Coc-Sal and Coc-Coc groups were killed 4 hr after the saline or cocaine challenge injection on day 8. All injections were given intraperitoneally. The data are presented as a ratio of the density of the BDN F or N T-3 mRNA band relative to the control cyclophilin mRNA band; the data are expressed as percent of the mean of the saline control group. There were 6 -14 animals per group, with the exception of the saline group. The saline group was comprised of 21 animals; 14 were injected with saline acutely, and seven received repeated, daily saline injections. A, Effect of acute or repeated cocaine on BDNF mRNA levels in the V TA. Inset, Representative cyclophilin (Cyclo) and BDN F bands obtained via RT-PCR from the VTA of two rats from the saline (Sal ) and two rats from the cocaine-4 hr (Coc) groups. B, Effect of acute or repeated cocaine on N T-3 mRNA levels in the VTA. Note the increase in N T-3 mRNA in the V TA 4 hr after an acute injection of cocaine. Note also that tolerance to this effect developed after eight daily injections of cocaine. Inset, Representative cyclophilin (Cyclo) and N T-3 bands obtained via RT-PCR from the V TA of rats in the saline (Sal ) and cocaine-4 hr (Coc) groups. *p Ͻ 0.05, significant difference from saline; Fisher's L SD. Figure 7 . Effect of acute or repeated cocaine or saline injections on BDN F and N T-3 mRNA in the substantia nigra. mRNA levels were assessed 2, 4, 6, or 24 hr after an acute injection of saline or 30 mg/kg cocaine. In addition, BDN F and N T-3 mRNA levels were assessed after seven daily injections of 30 mg / kg cocaine. On the eighth day, half of the animals were injected with saline, and the other half were injected with 30 mg / kg cocaine. Thus, Coc-Sal denotes seven daily injections of cocaine (30 mg / kg), followed by a challenge injection of saline, and Coc-Coc signifies seven daily injections of cocaine (30 mg / kg), followed by a challenge injection of this same dose of cocaine. The animals in the Coc-Sal and Coc-Coc groups were killed 4 hr after the saline or cocaine challenge injection on day 8. All injections were given intraperitoneally. The data are presented as a ratio of the density of the BDNF or NT-3 mRNA band relative to the control cyclophilin mRNA band; the data are expressed as percent of the mean of the saline control group. There were 6 -11 animals per group. A, Effect of acute or repeated cocaine on BDNF mRNA levels in the substantia nigra. B, Effect of acute or repeated cocaine on N T-3 mRNA levels in the substantia nigra. Note that there was a slight decrease in the mRNA for N T-3 in the Coc-Coc-4 hr group. *p Ͻ 0.05, significant difference from saline; Fisher's L SD.
in the context of behavioral sensitization because the initiation of this process is blocked by NMDA antagonists (Karler et al., 1989; Wolf and K hansa, 1991; Kalivas and Alesdatter, 1993; Stewart and Druhan, 1993) . In addition, administration of a C aM kinase inhibitor directly into the shell of the nucleus accumbens impaired the expression of behavioral sensitization . These data indicate that calcium-mediated transduction pathways, including those stimulated by NMDA receptors, play a critical role in behavioral sensitization. Because there are important interactions between the C aM kinase and M AP kinase transduction systems, it is possible that NMDA receptors contribute to behavioral sensitization by activating both of these kinases.
Sensitization to the behavioral effects of intra-VTA BDNF
Previous results indicate that chronic unilateral infusion of BDNF into the substantia nigra results in an increase in exploratory behavior (Martin-Iverson and Altar, 1996) , as well as an enhancement in amphetamine-induced contralateral rotations (Martin-Iverson et al., 1994; Martin-Iverson and Altar, 1996) . Similarly, intra-V TA BDN F increases spontaneous activity and potentiates cocaine-induced behavioral hyperactivity (Horger et al., 1999) . In these studies, BDN F was being inf used into the ventral midbrain via an osmotic minipump when the psychostimulant challenge injection was made; it is possible, therefore, that the potentiation of psychostimulant-induced behavioral activation resulted from the additive behavioral effects of BDNF and amphetamine or cocaine. The current findings demonstrate that repeated microinjections of BDNF into the VTA resulted in a progressive augmentation in the behavioral response to BDNF but have no influence on the behavioral hyperactivity produced by a subsequent cocaine injection in the absence of BDNF. Collectively, these results indicate that, although BDNF influences the behavioral output of the mesolimbic dopamine system, BDNF-induced plasticity does not appear to contribute to psychostimulant sensitization. Indeed, chronic intra-VTA infusions of BDNF may actually impair the development of behavioral sensitization to 15 mg/kg cocaine (Horger et al., 1999) .
Conclusions
Our results indicate that three once daily administrations of either NT-3 or BDNF promote plasticity in the mesolimbic dopamine system. However, the behavioral consequences of intra-VTA administration of NT-3 and BDNF differ. NT-3, apparently acting through the Ras/MAP kinase signaling cascade, plays an important role in the initiation of behavioral sensitization to cocaine. This result provides additional information on the plasticity induced by cocaine in the CNS that may contribute to our understanding of the rudimentary mechanisms underlying the drug craving associated with psychostimulant withdrawal (Robinson and Berridge, 1993) . In contrast, whereas BDNF does not appear to play a role in behavioral sensitization, repeated microinjections of this neurotrophin into the VTA resulted in a progressive increase in behavioral activation. This result adds to a growing literature indicating that the influence of BDNF on dopamine neurons may assist in the treatment of motor disorders, such as Parkinson's disease (Hyman et al., 1991; Beck et al., 1992; Spina et al., 1992; Benisty et al., 1998) . Figure 8 . Effect of an acute cocaine or saline injection on BDN F and NT-3 mRNA levels in the hippocampus. mRNA levels were assessed 2, 4, 6, or 24 hr after injection (saline or 30 mg / kg cocaine). The data are presented as a ratio of the density of the BDN F or N T-3 mRNA band relative to the control cyclophilin mRNA band; the data are expressed as percent of the mean of the saline control group. There were 5-11 animals per group. A, Effect of an acute cocaine injection on BDN F mRNA levels in the hippocampus. B, Effect of an acute cocaine injection on N T-3 mRNA levels in the hippocampus.
